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Department of Chemical Engineering, University of California, Santa Barbara, CaliforniaABSTRACT The assembly of peptides into ordered nanostructures is increasingly recognized as both a bioengineering tool for
generating newmaterials and a critical aspect of aggregation processes that underlie neurological diseases such as Alzheimer’s
disease, Parkinson’s disease, and Huntington’s disease. There is a major problem in understanding how extremely subtle
sequence changes can lead to profound and often unexpected differences in self-assembly behavior. To better delineate the
complex interplay of different microscopic driving forces in such cases, we develop a methodology to quantify and compare
the propensity of different peptide sequences to form small oligomers during early self-assembly stages. This umbrella-sampling
replica exchange molecular dynamics method performs a replica exchange molecular dynamics simulation along peptide asso-
ciation reaction coordinates using umbrella restraints. With this method, we study a set of sequence-similar peptides that differ in
net charge: KþTVIIE, KþTVIIE, and þKþTVIIE. Interestingly, experiments show that only the monovalent peptide, KþTVIIE,
forms fibrils, whereas the others do not. We examine dimer, trimer, and tetramer formation processes of these peptides, and
compute high-accuracy potential of mean force association curves. The potential of mean forces recapitulate a higher stability
and equilibrium constant of the fibril-forming peptide, similar to experiment, but reveal that entropic contributions to association
free energies can play a surprisingly significant role. The simulations also show behavior reminiscent of experimental aggregate
polymorphism, revealed in multiple stable conformational states and association pathways. Our results suggest that sequence
changes can have significant effects on self-assembly through not only direct peptide-peptide interactions but conformational
entropies and degeneracies as well.INTRODUCTIONThe self-assembly characteristics of peptides are being
intensively studied for many potential applications in tissue
engineering (1–3), drug delivery (4), and biological surface
patterning (5). Peptide nanostructures are also being used as
scaffolds for building inorganic materials, such as semicon-
ducting nanowires (6–8). Indeed, ionic-complementary
peptides (9), amphipathic peptides (10,11), and aromatic
dipeptides (12) offer building blocks for a variety of nano-
structures, such as nanotubes, nanospheres, and nanofibers,
whose detailed features depend on sequence, concentration,
pH, salts, and time (13,14). In nature, denatured proteins or
their fragments can self-assemble into long (up to several
mm) insoluble amyloid fibrils. Amyloids can be formed
from many different sequences, and show signatures of
a universal cross-b-structure, in which monomers assemble
into b-strands perpendicular to a fibril axis (15,16). These
aggregates play a role in a number of diseases, such as
Alzheimer’s disease, Huntington’s disease, Parkinson’s
disease, and type II diabetes (17); however, recent findings
suggest that prefibrillar oligomers may be more relevant to
the pathology than amyloids themselves (18). Moreover,
very short peptide segments can contain all of the informa-
tion necessary to associate into and exhibit amyloid fibril
characteristics (19).Submitted December 13, 2011, and accepted for publication March 2, 2012.
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0006-3495/12/04/1952/9 $2.00The association of peptides, like many biomolecular
assemblies, is often largely driven by hydrophobic interac-
tions. For example, the classic picture of Dobson and co-
workers (20–22) found the aggregation rates of a series of
amyloid-forming peptides and their mutants to bear a posi-
tive correlation with sequence hydrophobicity and a negative
one with net charge. Recently, however, a more nuanced role
of electrostatics and ionic residues has emerged (23). Point
mutations can affect assembly by modulating charge repul-
sion/attraction between ionizable amino acid residues at
low ionic strength. Salt bridges between these are generally
known as stabilization factors, but can also be destabilizing
due to the high cost of desolvation (24). Moreover, calcu-
lated (25) potential of mean force curves (PMFs) between
ionizable amino acid side-chain analogs show that like-
charged residue-residue interactions may not be highly
repulsive, and in some cases, actually slightly attractive
due to the solvent electrostatic response. Despite these
issues, direct consideration of salt bridge factors neverthe-
less has been used to rationally design peptides that form
nanotubes, vesicles, and gels (13).
Molecular simulations have been essential to under-
standing this complex interplay of molecular interactions at
early self-assembly stages involving transient prefibrillar
species (e.g., oligomers) that are difficult to investigate
in vivo or in vitro (26,27). Nussinov and co-workers (28)
compared simulations of the human calcitonin amyloid
DFNKF peptide (hCT15–19) with five of its mutants (FNKF,
DFNK, DANKF, DFNKA, and EFNKF), and concludeddoi: 10.1016/j.bpj.2012.03.019
Charge Effects on KTVIIE 1953that electrostatic interactions, hydrogen bonding networks,
and aromatic p-stacking interactions are as important to
oligomer formation as the presence of a hydrophobic core.
Ro¨hrig et al. (29) performed an extensive series of simula-
tions of preformed KLVFFAE (Ab16–22) oligomers, from
the dimer to the 32-mer, and found that octamers and larger
aggregates were stable on the simulation timescale (20–
60 ns), suggestive of a critical nucleus size. Interestingly,
they found a low frequency of salt bridges, suggesting that
this kind of electrostatic interaction plays a minor role in
stability for this system. Yan et al. (30) studied the ionic-
complementary EAK16-family peptides and constructed
the phase diagrams of those peptides with respect to temper-
ature and electrostatic strength. Those phase diagrams show
that the charge pattern modulates the structural states of
each peptide.
A particularly dramatic example of the complexity gov-
erning assembly driving forces is the experimental work
of Lo´pez de la Paz et al. (31). To vary electrostatic interac-
tions while minimally perturbing sequences, these authors
synthesized peptides with one or more termini protected,
or adjusted the charge states of ionizable residues by
altering solution pH. They applied these variations to nine
sequences in the KTVIIE family (e.g., XTVIIX) and
assessed fibril (versus random coil) formation using electron
microscopy and x-ray fiber diffraction. Remarkably, they
showed that many of these sequences form fibrils only if
the net charge of the molecule is 51, rather than zero or
higher valency (52). These results suggest that both the
hydrophobic interaction of the valine-isoleucine sequence
motif and the 51 charge effect can be considered as
possible self-assembly stabilization factors, in contrast to
the much simpler correlation-based view of Dobson and
co-workers (21,22).
These studies underscore a major outstanding challenge,
namely, moving beyond a hydrophobic-centric view to
understand the potentially complex balance of different
interactions (e.g., hydrophobic, electrostatic, hydrogen
bonding) and driving forces (translational, side chain, and
backbone entropies) that underlie assembly behavior. Such
knowledge is particularly essential to rationalizing how
small sequence changes modify the association landscape
and can often drastically affect ultimate aggregation propen-
sity, or even what aggregate structure is formed (32,33). It is
not only difficult in principle to disentangle these different
interactions, but it can be particularly challenging in all-
atom molecular simulations to detect the effects of very
small mutations to statistical accuracy.
In this work, we present an advanced sampling simulation
approach for calculating high accuracy free energies associ-
ated with small-scale oligomerization processes, capable of
addressing subtle mutational effects. We use this approach
to examine the KTVIIE sequence family studied by
Lo´pez de la Paz et al., which exhibits a strong aggregation
response to its charge state: only the monovalent, and notzwitterionic or divalent, version forms fibrils. We compute
association PMFs, equilibrium constants, and structures
for these three variants, for oligomers up to tetramers. We
show that, despite the subtlety of the sequence differences,
the simulation strategy shows differences in fibril propensity
that are similar to those found in experiment. Moreover, the
calculations reveal a surprisingly important role of confor-
mational entropies in generating these differences. We
also find that conformational degeneracies associated with
parallel and antiparallel strand alignments may be important
to oligomer stability. Though these findings are specific to
this particular sequence family, they nonetheless show that
such entropic driving forces may be more broadly relevant
to peptide self-assembly than previously thought, and may
be an important manner by which hydrophobic and electro-
static or other interactions are strongly coupled.METHODS
The umbrella-sampling replica exchange
molecular dynamics approach for
oligomerization
Biological reactions related to association and binding processes, such as
fibril formation and enzyme-substrate binding, are difficult to simulate
because one must explore the full conformational space of a system along
the long range of reaction coordinate, covering both interacting and nonin-
teracting states. Umbrella sampling is a useful technique in such cases (34);
in it, a series of independent molecular dynamics (MD) simulations with
different biasing potentials (umbrella restraints) are applied to sample
the range of the prechosen reaction coordinate. The histograms obtained
by each simulation are unbiased (35) and stitched together to produce
a free energy profile along the reaction coordinate. Nevertheless, even
MD simulations using umbrella sampling can be difficult to converge for
complex protein systems due to trapping in local energy minima at low
temperature.
To enhance exploration of the full conformational space, we also use
replica exchange molecular dynamics (REMD) methods (36). REMD
overcomes the multiple-minima problem by allowing the exploration of
configuration space at different temperatures. In REMD simulations, nonin-
teracting replicas (copies) of the same system are simulated over a range of
temperatures; to overcome energetic barriers, periodic swaps of instanta-
neous configurations between adjacent replicas are attempted and accepted
with a Metropolis-like criterion. Such swapping allows the conformations
to overcome high energy barriers through periodic access to higher temper-
ature states. The REMD method is derived from standard detailed balance
conditions that guarantee rigorous convergence to the thermodynamic
equilibrium state in each replica. Accordingly, the system reaches its
equilibrium state at each temperature presumably faster than in a similar
MD simulation. Using multiple histogram reweighting techniques (37),
one can calculate accurate thermodynamic properties at the temperature
of interest from all of the simulation data in the replica cascade.
We term the combination of these two approaches as umbrella-sampling
replica exchange molecular dynamics (UREMD), which is described in
more detail in (38). The enhanced and directed sampling afforded by this
approach is essential to our investigation of very subtle sequence changes
here, because it gives a more quantitative and statistically reliable picture
of the free energy landscapes associated with oligomer formation than
has previously been possible. Comparisons between the UREMD method
and usual REMD or umbrella sampling show that it has superior conver-
gence properties (38). Here, we develop a strategy for extending the basic
UREMD approach to higher order oligomers.Biophysical Journal 102(8) 1952–1960
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dimension of replicas in addition to the usual temperature cascade, in which
they also differ in the particular umbrella restraints applied. Umbrella
restraints of replica i are constructed so as to sample a predetermined,
discrete range of a reaction coordinate, which in our cases is the distance
between the center-of-mass (COM) of associating peptides or peptide clus-
ters. As such, the intermolecular potential of replica i is Ui(r) ¼ U(r) þ
Urest,i(r), where Urest,i(r) is the restraining potential—different for different
replicas—and U(r) is the common, usual all-atom interaction potential.
After the UREMD simulation, one needs to determine properties of the
system at the desired temperature without the effects of the umbrella
restraints. The weighted histogram analysis method (WHAM) (35)
reweights original results, and gives free energies for each replica using
a set of self-consistent equations (see the Supporting Material). In this
study, we pay particular interest to the calculated PMF, F(x), which gives
the free energy along a reaction coordinate of interest x. For oligomer
formation, we take the coordinate as the distance between chains or
preformed groups of peptides. To normalize this kind of PMF, we use
a noninteracting state (at far distances, typically 30~60 A˚) as a reference.
Subtracting the ideal (i.e., noninteracting) part of the PMF that scales
askBT In 4px 2 enables us to shift in an additive manner so as to normalize
to zero at far distances (Fig. S1). The calculated PMFs are used to compute
equilibrium constants for dimer-type reactions (39,40). Details and equa-
tions are in the Supporting Material.Simulation details
Our UREMD simulations are carried out using the AMBER9 program (41)
with custom wrapper code for maintaining the replica cascade and swap-
ping moves, and for performing analysis. We used the AMBER ff96 force
field (42) with the implicit solvation model ibg¼ 5 (43), modified by Geney
et al. (44). Previous tests have shown that this choice exhibits a balance
between a/b secondary structure propensity, and correctly folds a variety
of short peptides (45–48). Our use of an implicit solvation model is neces-
sary to mitigate the computational cost of the large replica cascade, which
would dramatically increase with explicit waters; many would be needed to
reach reaction coordinate values at large distances. Free energy profiles are
computed from the converged portions of the simulations (for the typical
50 ns simulation, we use the last 20 ns) using the WHAMmethod. To main-
tain a constant temperature in each replica, an Andersen thermostat is used
and velocities are rerandomized after every swap attempt period. The
replica cascade is augmented with an additional dimension at the lowest
temperature, along umbrella restraints that maintain the peptides at mutual
separations spanning close association to noninteracting (far distances). In
total, there are 71 replicas spanning temperatures from 270 to 500 K and
distances from 1.5 to 66.5 A˚, spaced more closely at lower umbrella
distances to achieve average swap acceptance ratios of at least 20%.Model systems
We studied dimers, trimers, and tetramers of the KþTVIIE(þ0, zwitter-
ionic), KþTVIIE(þ1, monovalent), and þKþTVIIE(þ2, divalent) peptides.
The zwitterionic and monovalent peptides are terminated by an acetyl
group at the N-terminus and by an N-methyl group at the C-terminus.
Only the divalent peptide has a charged N-terminus that contributes an addi-
tional charge over the Lys residue. The Glu residue of the zwitterionic
peptide bears a negative charge for an overall neutral peptide. The other
Glu resides of the monovalent and divalent peptides are protonated to
make them neutral, consistent with experimental pH conditions. Each
system is restrained along the association reaction coordinate with the
designated umbrella distance of its replica. These umbrella restraints are
added between chain centroids, and the PMF is computed along the
distance between the COM. In addition, dimers in trimer and tetramer simu-
lations have soft, flat-bottom harmonic restraints connecting the ends ofBiophysical Journal 102(8) 1952–1960chains in preformed oligomers (terminal residues: Lys and Glu) to maintain
desired antiparallel/parallel arrangements (see Fig. S2). Tetramer simula-
tions start with antiparallel or parallel dimers. These reside-residue
restraints are added identically to all replicas with a force constant of
0.5 kcal/mol A˚2. All model systems are summarized in Table S1; p indicates
the association of two parallel dimers, whereas a indicates that of antipar-
allel dimers.RESULTS AND DISCUSSION
PMFs reveal oligomerization propensities
This study seeks to understand how very small charge
effects can modulate self-assembly into small oligomers
for otherwise sequence-identical peptides. We perform
10 different simulations of KTVIIE sequences using the
UREMD methodology, with initial extended structures.
After the simulations are finished, PMFs are calculated as
a function of the COM distance between two oligomers.
To test the convergence and statistical accuracy of the simu-
lations, we run WHAM for different portions of simulation
time (windows) after an initial 20 ns equilibration period.
Standard errors in the computed PMFs over the windows
show that average errors are <0.2 kcal/mol overall, and
always <0.5 kcal/mol at short distances near the free energy
minimum. We also perform a block-average error analysis
for the monovalent tetramer that shows excellent statistical
sampling (see Fig. S3). Overall, the UREMD method
appears to offer superb statistical accuracy in the calculated
free energy profiles, as has been seen before (38). This prop-
erty is essential to understanding the potentially small
differences in oligomerization free energies underlying
subtle electrostatic effects.
Fig. 1 shows the PMF, average energy, and entropy curves
for all simulations performed. Here, the PMF and average
energy are computed using the WHAM reweighting equa-
tions (e.g., Eqs. S1 and S2), whereas the entropy is
computed from their difference. Each column of Fig. 1
represents a different degree of oligomerization: dimeriza-
tion (left), trimerization (middle), and tetramerization
(right). It is immediately apparent that the divalent (þ2)
peptide has significantly lower stability upon both dimeriza-
tion and trimerization. The divalency of this peptide
likely leads to strong like-charge repulsions that consis-
tently diminish oligomer stability. Because we expect this
behavior to continue to larger oligomers, we did not perform
a tetramer simulation for the divalent case.
In contrast, the PMFs reveal significant stability
(~8 kcal/mol) for monovalent and zwitterionic peptide
dimerization. These curves also reveal a series of small
bumps or barriers as one moves away from the free energy
minimum; these features are in fact not statistical noise but
reflect the relatively discreet shifting of hydrogen bonding
patterns that occur as the two peptides are pulled apart. To
confirm the impressive stability of the dimers, we also
perform Langevin MD simulations of them, using a typical
FIGURE 1 Normalized PMF (top), average
energy (middle), and entropy (bottom) curves for
dimerization (left), trimerization (middle), and tet-
ramerization (left) processes. p indicates associa-
tions involving one or two performed parallel
dimers, whereas a that of antiparallel dimers. All
curves are computed using the WHAM technique
applied to the REMD simulation data and shifted
to zero at a great distance. Block-average statistical
errors of each curve around the binding regime are
<0.5 kcal/mole, 1.2 kcal/mole, and 2.4 kcal/mole
for normalized PMF, average energy, and entropy,
respectively (error bars not shown to maintain
clarity). The bumps in the PMF curves are repro-
ducible, and are actually due to discreet shifts in
hydrogen bond alignment and breaking as peptides
associate or are pulled apart.
Charge Effects on KTVIIE 1955friction coefficient g ¼ 50 ps1 and at temperature 270 K
(Fig. S4). Starting from structures taken from the top clus-
tered conformation from our UREMD runs, these dimers
indeed remain intact over times reaching at least 200 ns if
not more.
Interestingly, the dimer free energy profiles do not reflect
the known higher fibril-formation propensity of the monova-
lent (þ1) peptide over the zwitterionic (þ0) one, where the
latter appears slightly more stable. If instead we examine the
PMFs of trimerization events (dimer plus monomer, middle
column of Fig. 1), this trend inverts and the simulations
show an increased stability of the monovalent system,
more reminiscent of the experiments done by Lo´pez de la
Paz et al. (31). The behavior occurs for trimers formed
from either parallel or antiparallel dimers, and appears to
persist to parallel tetramerization events (dimer plus dimer)
as well. An obvious implication is that the enhanced fibril
propensity of the monovalent (þ1) peptide may emerge in
higher-order oligomers. Although these results pertain to
the specific systems investigated here, they nonetheless
suggest the possibility that emergent, cooperative, multi-
body interactions may qualitatively change the picture as
oligomers grow in many systems. They also imply that
simple one or two peptide energetic or structural analyses
may be inadequate for many algorithms that attempt to
predict aggregation propensities (49).
The PMFs for tetramerizations in the zwitterionic and
monovalent cases exhibit a particularly interesting feature:
association into parallel tetramers is more stable than into
antiparallel ones. Parallel tetramers for the monovalent
system have four positive charges (Lysþ) at one side of
a b-sheet, with a slight b-sheet twist. It is not yet entirely
clear why placement of these charges on opposite sheetsides in an antiparallel arrangement would not be more
stable. However, a tentative explanation may lie in the
role of the solvent’s dielectric response: the (here implicit)
water reaction field may interact particularly favorably
with the neighboring positive charges in the parallel struc-
ture. Such behavior would be consistent with the calcula-
tions on like-charged side-chain analogs by Masunov and
Lazaridis (25). We compare the electrostatic and solvation
energy of the energy-minimized antiparallel structure with
that of the parallel one. For the monovalent system, the
parallel structure has less favorable direct electrostatic
energy, but more favorable solvation energy than the anti-
parallel alignment. As a result, the sum of its electrostatic
and solvation energy is approximately equal to that of the
antiparallel structure. Furthermore, lysine residues locate
the positive charges at the end of long side chains that are
separated by some distance in the parallel motif, moderating
the like-charge repulsion.
Equilibrium dissociation constants can be obtained from
the computed PMFs (Eqs. S3–S6 in the Supporting Mate-
rial) and are shown in Table S2. The critical monomer
concentrations of amyloid-forming peptides typically vary
in experiments between 1~100 mM depending on pH,
temperature, and salt conditions (50,51). Although our
systems are most likely not nearly large enough to capture
critical nuclei, our results are within roughly the same order
of magnitude as experiments.Entropy helps stabilize oligomers of slightly
charged peptides
What causes the monovalent peptide to form more
stable higher-order oligomers, particularly given its putativeBiophysical Journal 102(8) 1952–1960
1956 Jeon and Shellintermolecular like-charge repulsions? We find that ener-
getic measures are largely and surprisingly uninformative
on this issue. The distant-dependent average potential ener-
gies hUi in Fig. 1 show roughly the same dimerization
energy for the þ0 and þ1 cases, and the average number
of interbackbone hydrogen bonds is also nearly the same
at ~6 for the dimer and 12 for the trimer (see Fig. S5).
Also of note is that the zwitterionic peptide forms very
few salt bridges in any of the simulations, averaging to
less than one (Fig. S6). With the lack of a clear signature
in these metrics of differences between the two peptide
charge states, it is natural to consider instead specific contri-
butions to the total energy. Here, the most interesting
contributing energy term is the Born energy, the sum of elec-
trostatic and solvation energies (Fig. 2). We find that this
electrostatic portion of the energy is always unfavorable
for association, but does manifest noted differences for the
different sized oligomers and peptide charge states. Interest-
ingly, the zwitterionic and monovalent systems show
roughly the same electrostatic penalties upon dimerization,
but these become greater for the monovalent case in trimers.
The fact that these differences emerge at the trimer level isFIGURE 2 Direct and solvation electrostatic energies with respect to
distance (shifted to zero at complete dissociation). The panels correspond
to dimerization (top), trimerization from an antiparallel dimer and mono-
mer (middle), and trimerization from a parallel dimer and monomer
(bottom).
Biophysical Journal 102(8) 1952–1960reminiscent of the change in relative association free ener-
gies discussed previously; however, they actually suggest
an opposite effect, in that monovalent trimers should be
less stable than the zwitterionic ones. In fact, the relative
magnitudes of the energies in Fig. 2 are largely consistent
with a purely electrostatic repulsion picture. The divalent
dimer is a noted exception that appears to pay a lower elec-
trostatic penalty, possibly because its four solvated ionic
groups can interact more favorably with the dielectric
response of the solvent. It is also worth mentioning that
these results rely on a Generalized Born implicit solvation
model and thus reflect an approximate solution to Poisson-
Boltzmann solvation behavior, which itself is an approxima-
tion to the true molecular nature of the solvent. Although the
detailed accuracy of both is certainly a question in its own
right, the emergence of such qualitative sequence-dependent
behaviors within the context of these particular interaction
models remains of interest, and we leave the significantly
more expensive explicit water calculations for future work.
Clearly entropic, and not merely energetic, driving forces
must contribute to the differences in behavior for the þ0
and þ1 peptides. Fig. 1 shows that the entropic cost of olig-
omerization is always considerably high, up to 30 kcal/mol
(in TS units). A closer examination reveals that the free
energy difference (~3 kcal/mol) between the zwitterionic
and monovalent trimers is entropic in origin. Estimated
simulation variances in the entropies at short distances are
0.4–1.1 kcal/mol and so the differences here are actually
statistically significant. At the PMF minimum, trimers
formed by the monovalent peptide are entropically more
stable than those of the zwitterionic case by ~2.6 kcal/mol.
Such entropic stabilization does not appear at the dimer
level, suggesting that it is tied to conformational fluctuations
or structural degeneracies that appear with larger oligomer
sizes. These observations are suggestive of a new possible
explanation for the general observation of Lo´pez de la
Paz et al. (31) that monovalent peptides can experience
enhanced fibril formation propensity compared to un-
charged ones. In this picture, adding a small amount of
charge to a neutral peptide leads to enhanced oligomer
entropy and a lower entropic cost of association that in turn
increases association constants. Too much charge, however,
presumably will destabilize oligomers due to strong electro-
static repulsions.
From where do these entropy differences emerge? An
indirect way to measure conformational fluctuations that
may contribute to the entropy is through the root mean-
square displacement (RMSD) from the dominant simulated
oligomer structure (extracted, e.g., using a cluster analysis).
To address this possibility, we perform additional 20 ns
REMD runs for preformed trimers. Fig. S5 shows that the
average all-atom RMSD values for the zwitterionic and
monovalent cases are roughly the same, and thus do not
immediately suggest a type of conformational fluctuations
that could generate entropic stabilization. One reason may
Charge Effects on KTVIIE 1957be that these RMSDs only reflect fluctuations in the associ-
ated state and are thus not in some sense normalized by
comparing to the noninteracting state. Still, their high values
alone seem to imply relatively large oligomer conforma-
tional fluctuations that entropic contributions can be signif-
icant, and that purely energetic analyses might be likely to
fail.
One might expect to see the same tendency toward
entropic stabilization of the tetramer in the monovalent
peptide that was seen for the trimer. Unfortunately, the
entropies of the zwitterionic and monovalent peptides are
close, and the statistical errors in these values grows above
2.4 kcal/mol for these larger runs, unlike the smaller errors
of PMFs. Because the size of these errors is of the same
magnitude as the entropy differences between the peptides
themselves, we cannot at this time come to a statistically
significant conclusion about the relative roles of entropies
at the tetramer level. Significantly longer tetramer simula-
tions with more closely spaced umbrella restraints would
be required here.Conformational plasticity and hierarchy of small
oligomers
Identical amyloid-forming sequences can fold into multiple,
distinct amyloid conformations, in response to differencesFIGURE 3 2D contour plots of PMFs with respect to the interchain distance
vectors connecting the end residues of each chain). Normalized PMFs are use
peptides, and the bottom row is for the monovalent ones. Colors indicate free e
(P) and antiparallel (A) orientations.in growth conditions or seeding (52). It is of interest to
see whether oligomers display a similar level of conforma-
tional plasticity, which for the very small ones examined
here, is likely to be borne out in different interchain orienta-
tions (i.e., parallel versus antiparallel). The two-dimensional
(2D) contour PMFs in Fig. 3 show how the earlier free
energy calculations evolve as a function of orientation as
well as distance. Even at the very small oligomer level,
this orientational plasticity appears nontrivial. For dimeriza-
tion through tetramerization, the monovalent peptide
(bottom) displays clearly separated regimes representing
antiparallel (cosq ¼ 1) and parallel (cosq ¼ þ1) confor-
mations. On the contrary, the zwitterionic peptide (top)
shows a stronger preference for the antiparallel conforma-
tion at all oligomer stages. The earlier RMSD analysis,
which examines fluctuations with respect to a dominant
structure, does not directly capture such configurational
degeneracy. Thus, these 2D PMFs suggest that the monova-
lent peptide is associated with multiple free energy minima
in conformational space, which may provide another route
to increased oligomer entropy.
Such 2D PMFs also enable a quantitative analysis of the
potential strand alignment pathways during small oligomer
formation, by providing the relative equilibrium frequencies
with which the addition of a peptide or oligomer will adopt
an antiparallel or parallel configuration (Fig. 4). These(between chain centroids) and interchain orientation (cosine angle between
d and shifted to zero at far distances. The top row is for the zwitterionic
nergy values in kcal/mol. The arrows on the right point toward the parallel
Biophysical Journal 102(8) 1952–1960
FIGURE 4 Hierarchy of oligomerization of the (A) zwitterionic and (B) monovalent peptide. Blue arrows are peptides and the percentages show the rela-
tive frequency of alignment motifs for the given mechanism. Only simulated reaction paths have the clustered percentages written above the lines, which are
calculated using 2D PMF contour plots. Black dotted lines indicate the addition of monomer, green dotted lines indicate the addition of an antiparallel dimer,
and orange dotted lines indicate the addition of a parallel dimer.
TABLE 1 Relative free energies of tetramer conformational
states
DDF/kBT [[[[ [Y[Y [[Y[ [YY[ [[YY [[[Y
(þ0) 0 7.8 5.4 6.6 3.1 4.1
(þ1) 0 1.9 0.5 1.1 0.4 0.10
Arrows indicate the different possible strand alignments in a four-strand
b-sheet, and theþ0 andþ1 labels indicate the zwitterionic and monovalent
peptide, respectively.
1958 Jeon and Shellcalculated hierarchies reveal a telling possibility that
may suggest the emergence of frustration in the oligomer
formation pathways, in terms of changing relative stabilities
of parallel and antiparallel strand alignments as the oligomer
size increases. Fig. 4 shows that addition of new peptides to
a growing oligomer can prefer an antiparallel alignment at
one size and a parallel alignment at another, particularly
for the monovalent peptide: dimers prefer an antiparallel
arrangement by a factor of two, but trimers seem to prefer
a mixture of alignments, and tetramers manifest a broad
range of motifs. On the contrary, the zwitterionic peptide
overwhelmingly favors an antiparallel dimer arrangement.
This preference persists but weakens toward trimers and
tetramers, the latter of which toleratemany different arrange-
ments. A general trend seems to be the weakening of align-
ment preferences with increasing oligomer sizes; larger
oligomers may have room to internally reorient without
much free energy cost, a fact that could ultimately frustrate
the formation of larger, uniformly aligned aggregates.
At the level of tetramers, for example, there appears to
emerge a stable parallel motif (as also shown in the free
energies of Fig. 1). If the relative stabilities of parallel
versus antiparallel states shift with aggregate size, oligo-
mers may be driven to rearrange their strand conformations
as they grow a potential source of kinetic traps or free
energy barriers. Interestingly, the observed fibril conforma-
tion of the monovalent KTVIIE peptide in experiments (31)
is antiparallel. Thus, if indeed the stable parallel conforma-
tions persist to much larger oligomers, there may be a barrier
to the formation of beta amyloid nuclei associated with
strand arrangements, which presumably could contribute
to the observed lag time.Biophysical Journal 102(8) 1952–1960Examining these degeneracies in more detail, tetramers
can have six kinds of interchain alignments and there are
eight ways to form a tetramer from a trimer, as shown
in Fig. 4. Essentially, simulations of all those paths are
too expensive to perform. Instead, we are able to compute
the relative free energies of each tetramer’s end conforma-
tional states (Table 1) using the method developed by
Shell (49). These REMD simulations restrain a tetramer at
a given interchain alignment, and constrain the centers
of mass of the peptides to a small region of space. The align-
ment restraints linearly decrease as one moves up the
replica cascade (from 100% to 0%), such that tetramers
have nonspecific alignments at the highest temperature.
Combined with the weighted histogram analysis, the highest
temperature conformations provide identical reference
states for each alignment, and hence their relative free ener-
gies (DF ¼ F270K  F500K, DDF ¼ DF  DF[[[[). Errors
in this technique are estimated around 0.2–0.3 kcal/mol. The
entirely antiparallel tetramers are the most stable alignments
for both the zwitterionic and monovalent peptides.
However, there is a stark difference in the range of these
values. The zwitterionic peptide shows a strong preference
Charge Effects on KTVIIE 1959for the antiparallel over the parallel state, by almost
8 kcal/mol. On the other hand, the difference decreases to
~2kcal/mol for the monovalent one, where the entirely
parallel structure is no longer the least stable and where
no two alignments differ by >~2.3 kcal/mol. These findings
again point toward an increased conformational plasticity
due to the þ1 net charge on the peptide, suggesting larger
conformational entropies upon binding and showing that
very early oligomers may grow along a variety of different
pathways.CONCLUSIONS
In this work, we developed a systematic methodology that
can be used to quantitatively compare the oligomerization
propensities of short peptides, to high enough accuracy as
to detect very subtle sequence differences. In particular,
we used this approach to understand the effect of the total
peptide charge state in the KTVIIE peptide family. With
a number of model hexapeptide systems, it has been unclear
why the monovalent (rather than net uncharged or multiva-
lent) charge state of the peptide appears to have a higher
propensity to form amyloid fibrils. We simulated dimer,
trimer, and tetramer formation processes of three charge
variants along selected oligomer formation reaction coordi-
nates. Calculation of stabilities and PMF curves for the three
sequence variants revealed the potentially very significant
and perhaps unexpected role of entropies as stabilizing
factors for monovalent systems. Detailed investigation of
the free energies of different conformational states in turn
suggested that these entropic factors might emerge in part
from the degeneracies of possible strand alignments.
Although these results only directly address the smallest
of oligomers, it is tempting to hypothesize that conforma-
tional degeneracies may be similarly important later in the
aggregation pathway. One potential implication is the highly
degenerate oligomer formation possibilities found for the
monovalent peptide, which may result in a competition
between varied internal strand alignments and formation
of an ordered antiparallel fibril nucleus.
The subtle effect of net charge on the aggregation of
large peptides and proteins is also of interest. One can
anticipate that there will be a more complex interplay of
electrostatic interactions, conformational entropies, and
other self-assembly driving forces in these cases depending
on the charge locations, chain length, and solution folding
behavior. Schmittschmitt and Scholtz (53) showed that 13
different proteins have the highest aggregation propensity
at pHs near but not always exactly at their net-uncharged
isoelectric points (pIs)—sometimes, the differences (pH-pI)
are as large as 0.8. Moreover, in long, foldable peptides, turn
regions in a protein chain and their conformations can lead
to oligomer polymorphism (54,55), which may also suggest
the importance of conformational degeneracy and entropy
on self-assembly.SUPPORTING MATERIAL
Additional methods, six figures, and two tables are available at http://www.
biophysj.org/biophysj/supplemental/S0006-3495(12)00329-3.
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